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Abstract

The Science and Technology Directorate of the
Ballistic Missile Defense Organization is conducting
programs to characterize and measure the radiation
emitted by the flows about hypersonic vehicles. In
addition to understanding the basic physics of high
temperature plasmas, ongoing analyses are estab-
lishing how such emissions are useful for the detec-
tion of theater missile targets using the mid-wave
infra-red (MWIR) spectral region (3 - 5 p) as the
baseline and the ultraviolet (UV) or visible wave-
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lengths as a second detection wavelength.! The use
of a second, shorter wavelength combined with the
baseline sensor increases the total information con-
tent of the scene. This paper will present a method-
ology for the calculation of the self-induced, shock-
layer radiance for a theater missile defense (TMD)-
like interceptor. Predictions of the spectral radiance
shocklayer for a realistic missile shape will be given.
Finally, operations and instrumentation for an up-
coming flight designed to test these predictions will
then be discussed. The goal of the experiment is
to support the development of a two-color detection
strategy based on both short and long wavelengths
to provide a robust onboard seeker environment.
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The Operational Context for a Two-Color,
MWIR/UV-Visible Seeker

The Ballistic Missile Defense Organization (BMDO)
is tasked with providing a missile defense system to
protect the U.S., its forces deployed abroad, and its
friends and allies against accidental, unauthorized,
and limited ballistic missile strikes. The agency has
three mission focus areas. The first priority is to de-
velop and deploy increasingly capable Theater Mis-
sile Defenses (TMD) to meet existing missile threat
to deployed U.S. and allied forces (emerging threats
to include cruise missiles). The second priority as a
hedge against the emergence of long-range ballistic
missile threats, develop options to deploy a National
Missile Defense (NMD) for the United States. The
third priority is to continue supporting research on
more advanced ballistic missile defense technologies
to keep pace with the threat and improve the per-
formance of theater and NMD systems.

To realize these goals, one strategy is to impact a
warhead with a kinetic kill vehicle (KKV). In pursuit
of this end, the KKV has a requirement for sensing
and tracking a target candidate, providing the neces-
sary guidance functions in formulating a strategy to
collide with a target, and to carry out a vehicle con-
trol function in accordance with the guidance plan.
A main component of the target acquisition system
suite is the optical sensors. When a KKV travels
through atmosphere at hypersonic velocities, aero-
dynamic heat loading causes temperature increases
on KKV external surfaces, including optical win-
dows, and thermal excitation of species in the fluid
boundary layer and the hyper-shock layer. The con-
sequences of the increase in thermal loading on the
optics and fluid temperature increases could poten-
tially be to blind the sensor at specific wavelengths.

The Science and Technology Directorate of the
Ballistic Missile Defense Organization is conduct-
ing programs to characterize and measure the op-
tical radiation emitted by the flows about hyper-
sonic vehicles.? In addition to understanding the ba-
sic physics of high temperature plasmas, ongoing
analyses are establishing how such emissions are use-
ful for the detection of strategic® and theater missile
targets. In particular, ultraviolet (UV) radiation of-
fers an attractive potential. UV detector materials
have high sensitivity, and detector architectures are
mature, generally uncooled, and space qualified. An

important application of UV detection is for an on- -

board seeker, especially where the enhanced spatial
resolution is crucial. For such applications, such as
boost phase intercept, there is sufficient signal-to-

noise for moderate detection ranges.

‘However, in addition to the above there is another
important reason for the use of UV sensors. Gener-
ally, a cooled, MWIR sensor is considered as the pri-
mary sensor by the community due to its hardware
maturity and ample S/N. An important reason to
include a second color wavelength is to increase the
information content of the detected scene. An op-
erationally relevant image will contain pixels with
bright and dim intensities. Target tracking algo-
rithms then have to determine which pixels contain
the target, usually based on temperature or bright-
ness. For example, dim pixels may contain the tar-
get. The bright pixels could cause confusion because
of deliberate countermeasures (CM) such as decoys
or natural CMs such as staging events or a plume.
This is not a trivial task since the inherent dynamic
range for any of these focal planar arrays (FPA) is
at best a factor of 500 - 1,000. The concept there-
fore is to choose a FPA at a second wavelength to
provide a discrimination capability. Discrimination
is enhanced if the physics of the emission mecha-
nisms is sufficiently different from that of the base-
line wavelength. The simplest, cogent argument for
the choice of a shorter wavelength, rather than a
longer wavelength second color is the blackbody law
of radiation. A short and long wavelength combina-
tion provides greatest sensitivity to changes in the
source brightness.

This paper presents the elements of supporting
research required to analyze the key components
of a dual-mode interceptor-borne seeker. First the
onboard seeker environment is considered. In the
next section calculations of the UV and IR shock-
layer radiance for a TMD-like interceptor are shown.
These calculations present information about the
seeker /window background radiation. Since funda-
mental shocklayer optical spectral radiation data is
not available, a sounding rocket flight experiment,
called Dual-Mode Experiment on Bowshock Inter-
actions (DEBI), is being planned with an expected
date of January, 2000.

The goal of the DEBI flight is to develop further
understanding of the dynamics inherent with the
mission of a KKV in attempt to mitigate operational
failure from loss of detection ability. This experi-
ment will ly the same trajectory as the Bow Shock
Ultra Violet (BSUV) 1 flight, i.e., achieve a speed
of 3.5 km/sec by 40 km altitude, but will emphasize
IR spectral measurements. The 4 inch nose radius of
the BSUV 1 vehicle will be reduced to a value of less
than 2 inches. The calculations shown in this pa-
per use the configuration of the proposed Advanced
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Interceptor Technology (AIT) vehicle which has a
more slender forebody than that flown in the Bow-
Shock flights. The use of an IR spectrometer, never
. before flown in such a configuration, will provide di-
. agnostics of the shocklayer modeling complementary
to our earlier work in the UV.5 6

Shocklayer Flow and Radiance Calculations

The flow calculations were performed with a ther-
mochemical nonequilibrium Navier-Stokes model.
The finite-rate chemistry calculations included all of
the dry air species (N3, Oz, NO, N, and O) reactions
included in earlier work as well as reactions involving
the minor species of H,O, OH, H, CO4, C, and CO.
The reactions of these species were overlayed with
the steady state solution of the dry air species calcu-
lations. Table 1 lists the chemical reactions modeled
that are additional to the baseline set used to model
Nz, O3, and NO shocklayer species. The rate con-
stants used in the flow modeling are also provided.
It should be noted that the thermochemical model
includes the key, potential radiators in the IR and
UV: NO, NO,, H,0, OH, COq, and CO.7

The two sources of shocklayer radiation are from
molecules that are present in the atmosphere and
those that are formed in the bow-shock chemistry.
Molecules such as CO; and HyO are present in the
atmosphere in the trace quantities indicated in Ta-
ble 2 and used in the calculations.® ® The presence
of water, even in trace amounts, in the atmosphere
has the effect of also providing additional radiators
in the IR and UV spectral regions. Water and OH
contribute to the IR spectra and OH is a strong ra-
diator in the ultraviolet.!® The bow shock chemistry
produces NO from the major atmospheric species of
N, and Oj. The NO radiates both in the IR and the
yv.u

Figure 1 shows the computational mesh used to
represent the AIT-like forebody of the DEBI flight
vehicle. The location of the side-view window(s) is
also shown since the flight experiment will make ob-
servations in this spatial region of the flow. The
same computational grid was used for all the solu-
tions presented in this work. The heavy particle
translational, vibrational, and rotational tempera-
tures were computed for each solution. Figure 2
shows an enlargement of the stagnation region at
40 km, where the difference in magnitudes and spa-
tial distribution between the translational and vibra-
tional temperatures is most pronounced. The trans-
lational temperature reaches a maximum of about
6,000 K as compared with a maximum vibrational

temperature of approximately 4,500 K. As expected
the translational temperature is much lower in the
region of the side-mounted window than at the stag-
nation point, but still higher than the vibrational
temperature. At 50 and 60 km the degree of ther-
mal nonequilibrium increases and the difference in
the spatial distribution of the translational and vi-
brational temperatures is even more pronounced.
Figure 3 shows a comparison of the number den-
sity distribution of NO and CO; at 40 km altitude in
the vicinity of the stagnation region where the spa-
tial variability of the CO, species can be seen to be
much less than that of NO. Nitric oxide is formed
in the stagnation region at a maximum quantity of
about 10'7 number/cm?, however, at the location
further aft the spatial extent of these high number
densities is greatly reduced compared to the CO,
number density. In fact, comparison of the relative
NO and CO; concentrations at higher altitudes (for
the same speed) showed that only at 40 km and in
the stagnation region is the NO concentration signif-
icantly higher. Figure 4 shows a comparison between
the spatial dependence of water and OH about the
body. In a manner similar to CO2, the water has
an almost constant distribution about the body. In
contrast, the maximum OH concentrations are found
to be in the stagnation region where there is the
greatest amount of water dissociation. However, the
amount of water dissociation is low, thus we would
expect a small spectral contribution from OH.
Using the translational temperature and species
distributions, the IR spectra were computed using
the ATHENA? radiative transport band model. A
spectral resolution of 25 cm™! was used since that is
the anticipated spectral bandwidth of the onboard
spectrometer. Spectra that will be shown here cor-
respond to the middle of the side-viewing window
region shown in Fig. 1. Figure 5 shows the spectra
from 1.5 to 5 p at 3.5 km/sec, 40 km altitude. Of
course the spectrometer will measure the composite
spectra, but for the purpose of analyzing the spec-
tra the separate molecular components are shown.
It can be seen that the dominant radiator for these
conditions is CO, and then water, consistent with
the flowfield species distributions discussed above.
The calculations of Trolier et al 13 suggest that
NO; could contribute to the spectra in the region
between about 3.5 and 4 u. The figure shows that
we predict a small amount of NOy radiation and is
consistent with our flow chemistry modeling which
predicts orders of magnitude less NO2 concentration
than NO. The main production mechanism for NO,
was found to be the reverse process of the sixth ex-
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change reaction given in Table 1.

Although the experiment will not be flown at vari-
able speeds (in a single sounding rocket launch), it
is interesting to compare the spectra given in Fig. 5
with that predicted for a flight at 5 km/sec and 40
km altitude. Figure 6 shows the predicted spectra at
the higher speed. Consistent with the thermochem-
ical model, the higher speed increases the chemical
reaction rates to produce more NO and NO,. Fig-
ure 7 shows the total spectra at an altitude of 30
km for three different speeds. Again, as the colli-
sion rates increase (higher speeds) the species that
are produced by the shocklayer chemistry contribute
more to the spectra. At lower speeds the opposite is
seen (see the curve at 2.5 km/sec.) For a fixed speed
the shocklayer kinetics will also vary at different al-
titudes and the NO and NO, features will be more
evident at lower altitudes.

Radiation calculations were performed in the UV
spectral region using the same flow solutions using
modifications!? to the NEQAIR (non-equilibrium air
radiation) model of Park.}* The two main spectral
components in the UV are those of the OH and the
combined NO (v, §) and the O; Shumann-Runge
band systems. The computed spectra were inte-
grated over the filter shapes of two bandpass filters
used on previous flights with spectral properties of
230 + 25 A(for NO radiation) and 310 + 5 A(for OH
radiation). Figure 8 shows a predicted signal varia-
tion at the stagnation point on the order of five orders
of magnitude which is typical of the dynamic range
of these instruments. The same calculations were
also performed in the vicinity of the side-viewing
window. It was found that both the NO and OH
spectral radiance values were six orders of magni-
tude below those ‘at the stagnation point.

The calculations point to an important opera-
tional result. The shape and window placement of
the AIT is such that there is a lack of UV shocklayer
radiance for the side window. For a boost phase in-
terceptor viewing a bright UV source, the nonexis-
tent shocklayer radiance coupled with transmissive
window materials provides an insurance/alternative
to the MWIR, sensor. This is particularly significant
since the UV is much less affected by interference
from hot optical surfaces, such as the window, than
the MWIR. The flight measurements will fly instru-
mentation sensitive enough to verify this important
prediction.

Carbon Dioxide Vibrational State Modeling

Examination of the IR calculated shocklayer spec-
tra shown in Figs. 5-7 demonstrates that radiation

from shock-heated ambient CO; is predicted to be
of high importance. The spectra were calculated
assuming that the distribution of vibrational states
is determined by the flowfield translational temper-
ature. This assumption should be reasonable for
conditions where the collision rate is high, espe-
cially for a polyatomic system with many possible
modes for equilibration. However, as already shown
there are portions of the altitude-velocity trajectory
parameter space where the flow is not in thermo-
chemical equilibrium. Hence a full vibrational state
CO3 model was developed. Details of the develop-
ment were given in earlier work,” a summary will
presented here.

The vibrational state-specific model considers the
following types of excitation processes:

CO,(l) + M CO, (i) + M,

CO2(l) + Na(v =0) &5 CO,(5) + Na(v' = 1)

CO,(l) + COx(v) &5 CO,(i) + COu(v"),v £ '

where the first process involves V —T collisions with
a third body, M = N3, O, O, and CO,, and the last
expression represents a V' —V process. The rates are
taken from the work of Blauer and Nickerson.!® and
Limbaugh and Drakes.!® The V —V process with N
is a near-resonant process and is potentially a major
contributor to the excitation of the vs3 fundamen-
tal mode and the combination bands. The ladder
of CO, vibrational states extends up to energies of
10,000 cm™?! (state specific levels are maintained for
the v3 = 1, 2, 3 fundamental mode up to energy lev-
els of 5,800., 6,200., and 6,700. cm™?!, respectively).
The inclusion of high energy states provides a reser-
voir that is necessary to ensure completeness (or,
results that are independent of the upper state cut-
off). States with the fundamental vibrational mode
quantum numbers v; for ¢ = 1,2,3 with maximum
values of 4, 8, and 2, respectively are included in the
model.

Figure 9 shows the a comparison of the CO5 vi-
brational state populations predicted by the state
specific model with that of a Boltzmann distribu-
tion at the translational temperature. Such com-
parisons can be made anywhere in the flowfield, at
any altitude, but the enormity of the comparisons
would make it difficult to visualize. For example at
a given altitude there are 100 x 100 (grid points x
grid points) such possible comparisons. Instead two
locations were chosen that represent the extrema in
equilibrium conditions in the flight regime of inter-
est: locations 1 and 2 correspond to a point along
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the stagnation streamline at 30 km and a point in
the flow near the side mounted window, respectively.
Location 1 is a condition close to equilibrium, and
the V-V model correctly agrees with a Boltzmann
distribution. In contrast, location 2 is a region of
the flow where there are fewer collisions, and it can
be seen that for the vibrational states responsible
for the principal spectral features, their population
will be lower than a Boltzmann distribution (note
the figure is presented on a log-scale). An impor-
tant goal of the DEBI flight experiment will be to
validate these predictions.

The DEBI Flight Experiment

The DEBI experiment duration is estimated to be
approximately forty seconds out of a total vehicle
flight time of approximately 800 s. The experiment
begins with the launch from NASA Wallops Island
Flight Facility (NASA/WFF). The experimental ve-
hicle design reference requirement is to reach an alti-
tude of 40 km with upward velocity of 3.5 km/s. In-
flight data is to be acquired above 40 km altitude. A
Terrier-Malemute launch vehicle with MK-12 Terrier
motor was determined by NASA site engineers to
provide sufficient thrust levels for a payload weight
of about 200 Ibs. to meet the ascent requirements.
See Ref. 17 for more details. Figure 10 depicts the
typical mission operations for the DEBI flight on the
NASA/WFF range. Note that the science mission
is predicted to be concluded within approximately
forty seconds into flight.

The payload elements, designed and fabricated
by SDL, include structures, thermal control, power,
telemetry, command and data handling, and payload
fairing. SDL is chartered with building the payload
component such that the sensors survive the flight
environment and satisfy science requirements until
the end of the defined experiment. The payload com-
ponent has three interfaces: the Malemute interface,
the sensor packages interface, and interfaces with the

ground segment.
\Q&important operational component of missile

designif the use of a protective fairing for sensor pro-
tection during the early portion of the missile flyout
where heating rates are prohibitively high. As part
of DEBI flight experiment a fairing is used to pro-
tect the viewport windows until approximately 40
km, where the dynamic pressure and heating rates
for sensor windows are sufficiently reduced. Fig-
ure 11 shows the payload fairing assembly which
is designed to deploy at 40 km altitude. Ground
testing was conducted on a spin table at Space Dy-

namics Laboratory to ensure that the separation dy-
namics are well understood. A timer circuit that ac-
tivates a pyrotechnic cable cutter initiates payload
fairing separation. A combination of spring and cen-
tripetal forces cause the payload fairing to jettison
away from the DEBI payload without hitting the
Malemute stage. During mission operations signif-
icant optical measurements are expected to appear
in the telemetry bit stream at the instant of payload
fairing separation.

The sensor packages consist of detectors connected
via fiber optic bundles to apertures positioned at
the vehicle stagnation point and two symmetrically
aft-stationed points downstream of the vehicle nose.
The data to be acquired are collected from 16 spec-
trometer channels, 8 mid wave infrared (MWIR)
channels, 6 mid-wave short wave infrared (SWIR)
channels, 2 UV channels and an array of tempera-
ture sensors. Table 3 provides a summary of the key
instrument characteristics.

Figure 12 shows a schematic of the payload fore-
body showing the view locations and fiber-optic im-
plementation. The nose cone tip for the vehicle (also
shown in the figure) was designed by engineers at the
Space Dynamics Laboratory (SDL), at Utah State
University. The stagnation point at the nose cone
tip is fitted with a recessed sapphire lens connected
to a fiber optic bundle. Is should be noted that the
section at the very tip of the nose section is specified
copper to help meet thermal stability requirements.

The UV detectors provide legacy data overlap
with the BSUV I and II experimental flights. One
feature of the DEBI UV sensors is that they are de-
signed to measure very low intensities in the side
viewing directions where it is anticipated that the
signal levels will be quite low.

The MWIR and SWIR radiometers have InGaAs
and HgCdTe photodiode detectors coupled to win-
dows with IR Fluoride glass fibers. The scanning
infrared (IR) spectrometer has fast a f/0.5 relay
lens system at the exit slit and a stepper motor
driven diffraction grating with InGaAs photodiode
detectors for the short wavelength regions, extended
InGaAs photodiode detectors for the intermediate
wavelength regions, and photo-voltaic short wave-
length HgCdTe for the longest wavelength regions.
All detectors will be cooled below 193K (-80C) be-
fore flight. Since the time of flight is so short (40 sec-
onds) the thermal inertia of the vehicle is sufficient
to preclude the complication of in-flight cooling.

Conclusions

This paper has presented a methodology for the
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calculation of the self-induced, shocklayer radiance
for a theater missile defense (TMD)-like interceptor.
Predictions of the shocklayer spectral radiance for a
realistic missile shape show that there is a “window”
in the shocklayer radiance between 3.5 to 4 p and in
the UV. Operations and instrumentation for a low
cost; relatively simple, upcoming flight designed to
test these predictions and verify whether this win-
dow exists for an operational system such as AIT
have been presented.

Examination of Fig. 8 shows that a compelling
argument can be made for the use of a dual-mode
seeker for a boost phase interceptor. The predicted
UV radiation in front of a side mounted window on a
slender body is non-existent. The high temperature
spectral features of UV-transmissive windows such
as sapphire and quartz remain high at typical inter-
ceptor window temperatures, without window cool-
ing. Hence, the use of a second wavelength in the
UV provides a good insurance policy against opaque,
non-transmissive window optics in the MWIR.. The
goal of the upcoming experiment is to support the
development of a two-color detection strategy based
on both short and long wavelengths and address
many of interceptor-sensor operational issues.
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Table 1: Thermochemical Model and Rate Coefficients®

Reaction C;i° m  Ep/R° Third Body, M

Dissociation:

H,O+M—->OH+H+M 35x10® 00 50,584 N,

OH+M—-O+H+M 75x 1011  0.06 50,563 N,

CO, +M—-CO+0+M 6.9x10® -15 63,275 N, Oy, NO
14x10° -15 63275 N,O

CO+M—=C+04+M 23x10Y7 -1. 129,000 N,, O;, NO
34x10Y7 -1. 129,000 N, O

Exchange: :

0, +H—-0+0H 22x101 00 83775

H,0 + 0 — 20H 6.8x101° 00 3,492.7

CO+0—-0,+C 39x10° -0.18 69,200

CO,+0 — 0,4+ CO 2.1x10° 00 27,800

N 4+ NO; — 2NO 241x10° 0.0 -500

NO,; + O — NO + O, 1.02x101° 0.0 -300

Recombination:

NO+0O+0; +NO;+0, 145x10° 0.0 900

NO+0O+N; —»NOy+N; 203x10° 0.0 900

2NO + Oy — 2NO, 12x102 00 530

@Rate coefficient is C¢; T} exp(—Ey:/T)
bRates are in cm3/mole-sec or higher.
°R = 1.98 cal/mole-K, Ey; is in cal.

Table 2: Atmospheric Conditions

Altitude Number Density Water Mixing CO, Mixing

(km) (number/cm®) Ratio Ratio
40 8.26e16 1.6e-5 3.4e-4
50 2.19e16 1.6e-5 3.4e-4
60 6.67el5 1.5e-5 3.4e-4
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Table 3: Instrument Characteristics and Locations on DEBI Flight Vehicle.

Fiber Location ~ Instrument Spectral Features Comments
at Aperture

1 stagnation point UV photo-multiplier 0.24 +0.044 CsTe PMT?

2 side station UV photo-multiplier 0.24 +0.05u CsTe PMT

3-8 Side station MWIR MOMP Radiometer 3.0 - 4.0 p

- with ~ 0.2y filter with 0.2 p increments

9 Side station MWIR MOM Radiometer 3.5 & ~ 0.4u filter

10 Side station MWIR MOM Radiometer 4.3 + ~ 0.1y filter tuned for CO,

11 Side station SWIR MOM Radiometer 1.0

12 Side station SWIR MOM Radiometer  1.27 u tuned for Oz

13 Side station SWIR MOM Radiometer 1.5 tuned for OH

14 Side station SWIR MOM Radiometer 2.0 u tuned for CO,

15 Side station SWIR MOM Radiometer 23 pu tuned for predicted

' "spectral window”

16 Side station SWIR MOM Radiometer 2.7 1 tuned for CO, and NO

17 - 24 stagnation point Scanning IR spectrometer 1.0 - 3.0 p in Spectral averaging of
+500 steps 5, 100 Aincrements

25 - 32 side station Scanning IR spectrometer ~ 1.0 - 3.0 2 in Spectral averaging of
45004 steps 5, 100 Aincrements

33-N TBD Temperature N/A Resistive temperature

elements

2PMT - photo-multiplier tube photo-cathode detectors operated in photon counting mode
PMOM - Micro Optic Multispectral

Meters

0.150

0.100

0.050

window stop

W

0.050

0.100
Meters

0.200

0.150

Figure 1: Computational mesh of AIT vehicle.
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Figure 2: Comparison of translational temperature contours (top) with vibrational temperature contours
(bottom) at 40 km altitude, 3.5 km/sec in the stagnation region. Note axes are scaled independently.
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Figure 3: Comparison of number density contours of NO (top) with CO, (bottom) at 40 km altitude, 3.5
km/sec in the stagnation region. Note axes are scaled independently.
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Figure 4: Comparison of number density contours of water (top) with OH (bottom) at 40 km altitude, 3.5
km/sec.
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Figure 5: Calculated spectra at 40 km altitude, 3.5 km/sec.
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Figure 6: Calculated spectra at 40 km altitude, 5.0 km/sec.
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Figure 7: Comparison of calculated spectra at 30 km altitude for different speeds.
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Figure 8: Altitude dependence of stagnation viewing UV photometers.
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Figure 9: Comparison of predicted CO2 vibrational populations with a Boltzmann distribution at 3.5
km/sec for two locations in the flow. (see text)
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Figure 10: General time-line of the DEBI mission operations.
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Figure 11: Oblique view of the payload fairing half jettisoned at 40 km altitude (source SDL).
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Figure 12: Nose cone design for the DEBI flight and instrument layout.
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